Abstract: Graphene, with high biocompatibility, physiological solubility and stability, has been reported as an emerging material for biomedical applications such as biosensors, drug delivery, and tissue engineering. Recently, identifying the technological competition (TC) of graphene biomedical technology has received worldwide attention from stakeholders. However, few studies have attached great importance to review the TC of this field by the analysis of patents. The main objective of this study is to develop a new and comprehensive method to investigate TC in a given technology field by conducting a patent review and then employing a patent roadmap to dig out the technology opportunity. The effectiveness of the approach is verified with the case study on graphene biomedical technology. Compared to previous research, this study makes the following important contributions. First, this study provides a new and systematic framework for the dynamic analysis of TC in a given technology field. It also extends the research perspectives of TC for industry, assignees, and technology, employs a patent roadmap to dig out technology opportunities, and enables stakeholders to understand TC from a dynamic perspective. Second, this study integrates patent analysis with a patent roadmap that has not appeared in existing methodologies of patent review. Third, it first introduces indicators (e.g., high value patent and competition position of top assignees) to the previous patent roadmap and provides a new methodology for patent roadmaps from a country level and assignee level. Finally, this study provides useful information for stakeholders interested in graphene biomedical technology, helps them to find new technology opportunities in this field, encourages them to determine the direction of future research, and has important significance for its application to diverse other emerging technologies.
Introduction
The advent of the knowledge economy era has created substantial interest in the research of technology competition (TC). The successful of TC is regarded as the reaction capability to technological change [1] . Some studies have focused on firms' strategic planning in TC when technological change occurs [2, 3] . Others have identified that organizational and technological diversity play an important role in increasing of TC, and this in turn stimulates technological innovation in the target technological field [4, 5] . In the last decade, many researchers have studied the key indicators in assessing TC. Schiavone presented a six-item assessment of TC, including three variables under the perspective of company's history (old core capabilities, old technology revitalization, competitive position in the old market) and the other three link to its emerging context (dynamic capabilities, easiness of new market entry, extent of new technology disruption) [1] . Papachristos indicated that TC is regarded as an evolutionary process, and there are five essential factors which influence TC, namely technology learning, technological performance, supply and demand increasing returns to scale, commitment, and the rate of technology change [6] .
In recent years, patent information has been widely applied at both technology assessment and forecasting, promoting the technological innovation process as well as technology policy [7, 8] . Patent information contains a valuable resource of technical items that are useful for researchers, practitioners, and policymakers in order to analyze TC in the target technological field [9] . As a key outlet for scientific and technological development, 80% of technical items can be found in patent information [10] . The main applications of patent information include identifying the main competitors, tracking the development trend of technology, assessing the capabilities of the technological innovation or helping organizations to formulate patent strategy and planning [11] [12] [13] . Karvonen et al. indicated that patent information is a valuable source for displaying the development trend of a given technology and assessing the status quo of potential competitors, and the analysis of patent information is crucial to identify TC in a given technology field [14] .
Unfortunately, although patent information is significant in identifying TC, few studies about the most recent patent documents of graphene biomedical technology were found within the reviewed literature in our study. A more recent study, developed by Yang et al. [15] , was given a general review of the whole graphene patenting activities, and focused on the investigation of sustainable competitive advantage (SCA) in this technical area. Considering the rapidly growth of the number of patents in graphene biomedical technology and the increasing attention on industrial applications in this field [16] , it is crucial to understand the following two questions:
1. What are the existing leading country/region, top assignees, and technological hotspots and fronts in patenting activity of graphene biomedical technology?
2. What are the development trends and potential opportunities from country level and assignee level patent roadmaps in this field?
Therefore, the aim of this study is to develop a new and comprehensive approach to deeply analyze TC in graphene biomedical technology. The main difference between the approach in this study and previous ones is that we integrate patent analysis and a patent roadmap in order to identify TC under a dynamic perspective. Because patent analysis and patent roadmaps are effective tools for patent visualization, they assist stakeholders to understand useful technical, legal or economic information from a large number of patent documents. The approach we proposed in this study helps both researchers and practitioners to complete the following practical tasks in the fierce market competition: finding the leading country/region, identifying key competitors, recognizing technological hotspots and fronts, and mining technology opportunity. Such advantages in this approach are critical for stakeholders to give constructive suggestions for practical and strategic patent planning (e.g., patent filing, patent distribution, patent licensing or transfers), provide useful guidance on corporate practice (e.g., mergers and acquisitions), and to obtain their competitive advantage in the given technology field.
The remaining components of this paper are organized as follows. In Section 2, we review the existing literature on patent analysis, patent roadmap, and patenting activities in graphene biomedical technology. In Section 3, we explain the methodology and detailed research procedure. Section 4 carries out the case study in graphene biomedical technology through patent analysis as well as a patent roadmap. Section 5 concludes the main findings, contributions and limitations of this study and states potential research directions in the near future.
Literature Review
The technology roadmap (TRM) is regarded as a robust approach that is widely applicable at the institutional and industrial levels, helping stakeholders to strategize, design and carry out the evolving trend of a specific technological field. It provides a structured framework to map the yet to overcome for a translation of GBNs to a clinical context of pharmaceutical applications [40] . Reina et al. proposed a tutorial review and analyzed graphene-based devices with in vitro and in vivo applications. In addition, this study addressed the toxicological impact and the limitations in translating graphene materials into advanced clinical tools [41] . Chung et al. highlighted recent efforts to apply graphene and graphene oxides (GO) to biomedical research and a few different approaches to prepare graphene materials designed for biomedical applications [42] . Graphene and GO are considered as promising materials for biomedical applications such as mass spectrometry, Field Effect Transistor (FET)/Fluorescence Resonance Energy Transfer (FRET) sensors, gene and drug delivery, stem cell differentiation, cancer treatment, and cell growth control [42] . Ghosal and Sarkar discussed the biomedical applications of graphene family nanomaterials (e.g., graphene oxide (GO), reduced graphene oxide (rGO), and graphene quantum dots (GQDs)), as well as their synthesis procedure, biocompatibility, and biomedical applications, including biosensors, bioimaging, tissue engineering, drug delivery, gene therapy, photodynamic and photothermal therapy, and their prospective future [43] . Menaa et al. reported and discussed the recent findings using graphene and derivatives as potent nanomaterials for promoting stem cell research (i.e., culture, maintenance and differentiation) and tissue engineering, as well as for regenerative, translational and personalized medicine (e.g., bone reconstruction, neural regeneration) [44] . This paper also highlighted the importance of functionalizing graphene-based nanomaterials to minimize the cytotoxic effects, as well as other critical safety parameters [44] .
However, the existing research has put limited effort to investigate patenting activities of graphene. Most of the recent studies have employed patent analysis to illustrate the status quo of patent application activities [45] , monitor core technological components [46] , investigate the technological innovation trajectory [47] , and identify the development trends of technology evolution [48] in the graphene field. Moreover, the number of existing patent reviews in this field is very few, and the patent research on graphene biomedical technology is still in the blank stage. In particular, most of the existing literature mainly focuses on counting the number of patents in this field. Dhand et al. provide a review of patenting activity and development trend in the field of graphene-based nanocomposites [49] . This research employed an annual number of patents as well as the number of patents in each subject in order to illustrate the research status and trends of graphene nanocomposites [49] . Although a report by the UK intellectual property office offers a patent landscape map for graphene and enables stakeholders to observe the development trends of worldwide patent filing in this field, it mainly focuses on general patenting trends, such as country or sector distributions, applicant collaboration, etc. [50] . In addition, a more recent study, developed by Yang et al. [15] , offers a review of graphene patenting activities which aimed to assist both researchers and practitioners to obtain a sustainable competitive advantage (SCA). Since graphene biomedical technology has faced growing attention in recent years, it is of great importance to identify TC in this field by employing patent reviews and encourage stakeholders to make the correct decisions in patent strategic planning. Therefore, patent analysis and patent roadmaps are considered valuable tools for conducting a systematic and comprehensive patent review in the field of graphene biomedical technology.
Methodology

Research Methodology
Numerous studies have indicated that patent information has been regarded as an objective data source for providing a basis for TC [9, 14] . The quality of patents is the most important patent indicator to measure TC in the given technology field. It is interesting to find that the top 10% of the most valuable patents were captured from 48% to 93% of the total sample value of all patents through statistical analysis [51] . In the existing studies on TC, a single research methodology is often used, and there is a focus on static research or comparison research [20, 21] . Other research focuses on only assessing the number of patents [32, 52] where the quality of a patent is considered deficient.
However, few have extended the research on the dynamic development trend of TC by employing a set of approaches, for example, a patent roadmap, and even fewer have emphasized the quality of patents rather than the number of patents from the perspective of a patent roadmap.
In this paper, by integrating patent analysis and a patent roadmap, we attempt to introduce new patent indicators emphasizing patent quality to the previous patent roadmap, and to build a new and systematic research framework for identifying TC in the given technology field. The methodology contribution of this paper mainly has the following aspects. First, this study first integrates patent analysis with a patent roadmap in a research review, which illustrates the dynamic development trend of TC. In existing studies on TC, few studies have combined patent analysis with a patent roadmap to show the dynamic development trend of TC. To solve the existing problems of the above research, we attempt to build patent roadmaps that are based on the systematic research perspectives (e.g., industry, assignee, and technology perspective) of patent analysis, and to illustrate the dynamic development trend of TC in the target technological filed. Second, this study introduces indicators (e.g., high value patent of leading country and competition position of top assignees) to the previous patent roadmap and provides a new methodology for patent roadmaps from country and assignee levels. The existing research on patent roadmaps is more dependent on technical experts' advice and the lack of objective data, such as patent data. Few have extended research on measuring the number of patents, but the quality of patents and geographical distribution of those patents are considered deficient. In this study, we build new patent roadmaps from both a country level and assignee level, which focus on the quality of a patent rather than those studies that only assessed the number of patents. In addition, we consider the geographical distribution of those high quality patents, and use different colors to distinguish different countries.
Collecting accurate data for patent analysis and patent roadmaps plays a crucial role in exploring TC. After reading the existing literature as well as consulting technical experts' advice, we carry out an appropriate patent retrieval query and obtain patent information from the INNOGRAPHY platform, as well as the Derwent Innovation Index (DII) platform, which are professional intellectual property databases. In Figure 1 , data analysis is shown to constitute two steps. First, regarding patent analysis, this study attempts to identify TC from the perspectives of industry, assignee, and technology. Taking into account data accessibility, we attempt to use the following patent indicators to conduct patent analysis, and identify TC in graphene biomedical technology: the annual trend of patent activities, competition position of top assignees, and patent hotspots and fronts. The analysis of annual distributions or dynamic changes of the number of patents appeared to be very useful for assisting stakeholders realize development trends and TC of specific industrial domain [53] . Based on patent analysis, analyzing the assignees would identify the key actors and competitors of the technological innovation in a given technological field. To be more specific, the competitive position is of fundamental importance to help assignees obtain information about competitive status quo and competitive advantages in TC [54] . The technological hotspots and fronts can be straightforwardly identified by using text clustering analysis, which helps people identify TC from the technology dimension [32] . Second, the proposed patent roadmap aims to mine technology opportunities that can be carried out by the following steps. First, in the proposed country level patent roadmap and assignee level roadmap, the horizontal axis indicates time-line, and the vertical axis represents technological fields namely the Derwent Manual Code (MC). Second, in the country level patent roadmap, a single node shows a country holding a high value patent, while in the assignee level patent roadmap, a single node represents a top assignee. We employ different colors to represent different countries. Finally, we build the patent roadmap by using the above indicators. 
Patent Retrieval
Investigating the TC of graphene biomedical technology through patent analysis and patent roadmap is the principle purpose of this paper. The collection process of patent data is the essential basis for patent analysis, as well as patent roadmaps. Patent data were retrieved from two professional intellectual property databases, namely INNOGRAPHY [55] , and the Derwent Innovation Index (DII) [56] . In order to better improve the accuracy and relevancy of our patent data, the first effort is to construct a systematic patent retrieval query. The concept of "graphene" was based on the definition given by The International Union of Pure and Applied Chemistry (IUPAC) who regarded "graphene" as "a single carbon layer of the graphite structure" [57] . According to previous research, "graphene" can be used as a patent search string in patent queries [15, 58] . By looking through relevant literature and consulting technical experts' advice, we employed a broader criterion for retrieving patents in a given technological field. Patent data seems to be valid if the term "graphene" appears simultaneously in the "title or abstract or claims" of patent data. In addition, we followed advice from technical experts in graphene biomedical technology, and adopted technological fields represented by the international patent classification (IPC) to refine the retrieval query and retrieve graphene patents in the biomedical field. Finally, our patent retrieval query for graphene biomedical technology was composed by combining the keywords with patent 
Investigating the TC of graphene biomedical technology through patent analysis and patent roadmap is the principle purpose of this paper. The collection process of patent data is the essential basis for patent analysis, as well as patent roadmaps. Patent data were retrieved from two professional intellectual property databases, namely INNOGRAPHY [55] , and the Derwent Innovation Index (DII) [56] . In order to better improve the accuracy and relevancy of our patent data, the first effort is to construct a systematic patent retrieval query. The concept of "graphene" was based on the definition given by The International Union of Pure and Applied Chemistry (IUPAC) who regarded "graphene" as "a single carbon layer of the graphite structure" [57] . According to previous research, "graphene" can be used as a patent search string in patent queries [15, 58] . By looking through relevant literature and consulting technical experts' advice, we employed a broader criterion for retrieving patents in a given technological field. Patent data seems to be valid if the term "graphene" appears simultaneously in the "title or abstract or claims" of patent data. In addition, we followed advice from technical experts in graphene biomedical technology, and adopted technological fields represented by the international patent classification (IPC) to refine the retrieval query and retrieve graphene patents in the biomedical field. Finally, our patent retrieval query for graphene biomedical technology was composed by combining the keywords with patent classifications, using the "AND" operator. For the graphene biomedical technology case, the following patent retrieval query in INNOGRAOHY is displayed below. @(abstract, claims, title)("graphene")@* and ((ipc_A61K OR ipc_A61L27 OR ipc_B01J13 OR ipc_B01J20 OR ipc_C07H OR ipc_C07K OR ipc_C08J3 OR ipc_C09K11 OR ipc_C12M OR ipc_C12N OR ipc_C12P OR ipc_C12Q OR ipc_H01B1 OR ipc_G01N21 OR ipc_G01N27 OR ipc_G01N33)). In addition, we downloaded patent data in the field of graphene biomedical technology from DII based on the same retrieval strategy and query as that in INNOGRAPHY. Due to a relatively small number of patents before 2004, we retrieved patents filed from the year of 2004 to 2018 for analysis. We completed the data extraction on March 21, 2019. However, due to the 18-month lag period of patents, the number of patents in both 2017 and 2018 are incomplete, but without impacting the analysis of TC.
Analysis
Patent Analysis
Annual Trend of Patent Activities
The analysis of annual distribution of patent application and development trends of the top ten countries or regions leading the graphene biomedical race are presented in this section. Figure 2 illustrates the dynamic changes of patent application for graphene biomedical technology in China, the U.S., Korea, India, the U.K, Taiwan, Japan, Germany, Canada, France and the world. We find that the number of patents for graphene biomedical technology in the global had rapidly increased since 2012. In 2010, the Nobel Prize in physics was granted to Andre Geim and Konstantin Novoselov for their amazing breakthrough on graphene [59] . After that, many countries, with substantial efforts and investments from governments, have been focused towards the research and development (R&D) in graphene technology [60] . In addition, since the development trend of graphene has accelerated around the world, the number of graphene biomedical patents has rapidly grown. Regarding the number of patents, the top ten countries or regions hold 93.88% of global share in graphene biomedical patents. In addition, China (790 patents), the U.S. (378 patents), and Korea (271 patents) are the top three countries with more than 200 patents each. In total, the top three possess 83.08% of the global patent application in the graphene biomedical field. It is clear that China outstrips other countries or regions, and holds 45.61% of global share, suggesting its leading power in this field. One reason for this is the broad market and plentiful graphite resources in China, which offers great development opportunities for Chinese stakeholders [61] . The other reason is China's technology assessment system that put substantial effort into patents [61] . It is interesting to find that a country/region from Asia (e.g., China, Korea, Japan, and Taiwan) own the largest amount of graphene biomedical patents in total. Although the U.K, Germany and France play key roles in patenting activities in the European region, they are still far behind assignees from Asia and the U.S.
In Figure 2 , the U.S., Korea, and Japan started earlier in graphene biomedical technology, and filed their first patent in 2004. While in China, the patent application had appeared since 2005, followed by Taiwan in 2007, Germany and Canada in 2008. Before the year 2010, the U.S. (55%), Korea (12.5%), and Japan (12.5%) play the dominant roles in patenting activity, suggesting that these three countries obtain first-mover advantages. After 2011, the top three countries are China, the U.S., and Korea. China, with stable growth in the number of patents, becomes a technology catcher and takes the lion's share in the global market. 
Competitive Position of Top Assignees
The INNOGRAPHY platform's patent map is a powerful visualization software that enables stakeholders to understand how a particular market or technology stacks up and explores a competitive landscape among top assignees. By also integrating multiple data dimensions (e.g., litigation, product and technology standards) into a single view, the INNOGRAPHY platforms's patent map enhances the ability to understand the TC of competitors, helping discovery of new competitors and opportunities. Three dimensions' values (e.g., revenue, litigation, and locations) related to company resources are summed and plotted on the vertical axis, while three other dimensions' values (e.g., patents, classifications, and citations) related to patent strength are summed and plotted on the horizontal axis. The higher score on the vertical axis indicates that assignees would have a greater ability to obtain resources, while the higher score on the horizontal axis indicates that assignees would also have a greater competitive strength on patenting activities. Therefore, the INNOGRAPHY platform's patent map is designed to give an overview on competitive position of top assignees in a given technology field. We employ the INNOGRAPHY platform's patent map to find the top assignees of TC in the field of graphene biomedical technology (See Figure 3) . 
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The INNOGRAPHY platform's patent map is a powerful visualization software that enables stakeholders to understand how a particular market or technology stacks up and explores a competitive landscape among top assignees. By also integrating multiple data dimensions (e.g., litigation, product and technology standards) into a single view, the INNOGRAPHY platforms's patent map enhances the ability to understand the TC of competitors, helping discovery of new competitors and opportunities. Three dimensions' values (e.g., revenue, litigation, and locations) related to company resources are summed and plotted on the vertical axis, while three other dimensions' values (e.g., patents, classifications, and citations) related to patent strength are summed and plotted on the horizontal axis. The higher score on the vertical axis indicates that assignees would have a greater ability to obtain resources, while the higher score on the horizontal axis indicates that assignees would also have a greater competitive strength on patenting activities. Therefore, the INNOGRAPHY platform's patent map is designed to give an overview on competitive position of top assignees in a given technology field. We employ the INNOGRAPHY platform's patent map to find the top assignees of TC in the field of graphene biomedical technology (See Figure 3) . In Figure 3 , it illustrates that two assignees from enterprises and eighteen assignees from universities and research institutes. These two patentees from enterprises are Lockheed Martin Corporation from the U.S. and Samsung Electronics Co., Ltd. from Korea. It should be recognized that assignees from China are all belong to universities and research institutes, which suggest a lack of Collaboration among enterprises, universities, and research institutes. As for geographical location, China (12 assignees) overtakes Korea (5 assignees), and the U.S. (3 assignees), and takes the lion's share, indicating its principle role in graphene biomedical technology. The top three assignees regarding the number of patents are Chinese Academy of Sciences (33), Guangxi Chinese Medicine College (29) , and Seoul National University (24) . These assignees situated in the lower right quadrant, indicating their competitive advantages in patenting activities. Harvard University, Chinese Academy of Sciences, and Lockheed Martin Corporation have relatively higher technological innovation capability in patent strength, locating in the lower right quadrant. Lockheed Martin Corporation, holding 12 patents, is situated relatively close to the area of the upper right quadrant. This indicates that Lockheed Martin Corporation has a relatively high competitive advantage in technical strength and resources, and plays a crucial role in the future TC. It is clearly shown that there are no assignees situated in the area of the upper right quadrant, which indicate that currently no assignee is the technological and marketable leader with competitive advantage over patent activities as well as resources. Samsung Electronics Co., Ltd. is the only competitor situated in the upper left quadrant, which shows its distinct competitiveness in company resources, so it is challenger in graphene biomedical technology and will become a potential buyer. More than half of the patentees are still situated in the lower left quadrant. Most of the Chinese assignees with relatively lower technological innovation capability are situated in this quadrant. For example, although Jiangsu University, Zhengzhou University, Fudan University, and Shanghai University ranked the top 10 in owning patents, their ability in company resources is relatively low. Lacking technological strength as well as company resources, these Chinese assignees are followers.
INNOGRAPHY's PatentStrength ® is a proprietary algorithm that focuses on patent value as well as relevance, and encourages stakeholders to find leading assignees holding these most valuable patents in TC. There are more than 10 indicators to calculate the patent strength, such as backward citations, forward citations, patent litigation, family numbers, claim numbers, etc. Specifically, INNOGRAPHY's PatentStrength ® employs 0 to 100 scales to assess the patent strength. The larger the number of scale, the more valuable the patent. General patents cover the lower 30 scale. Patents with patent strength from 30 to 80 would be considered as important patents, while the patent strength of core patents seem to be more than 80.
In this study, we obtain 598 important high-strength patents as of March 2019 related to graphene biomedical technology (see Table 1 ). Table 1 depicts the distribution of top 20 assignees holding high-strength patents. Lockheed Martin Corporation overtakes other assignees, with 83.33% of high-strength patents and a high competitive advantage in TC, followed successively by Harvard University (80.00%), Samsung Electronics Co., Ltd. (77.78%), University of California (57.14%), and Suzhou Institute of Nano-Tech and Nano-Bionics CAS (55.56%), which illustrate their relatively stronger technological innovation capability in TC. US9572918 B2 filed by Lockheed Martin Corporation is the number one patent with strongest patent strength, in which a device isolates a substance from blood. It was filed in 2013. This device may be configured to include a conduit system. It may also be configured to operate according to a reversible cycle. As for the country origin, the percentage of high-strength patents being held by the U.S.'s assignees outstrip assignees from other countries, indicating its leading position in global TC. In addition, half of Chinese assignees hold less than 10.00% high-strength patents. Guangxi Chinese Medicine College, Shanghai University, Jinling Institute of Technology, and Zhengjiang Sci-Tech University don't hold any high-strength patents, which may lead to the loss of competitive advantage in TC marketplace. 
Patent Hotspots and Fronts
According to the cross-database retrieval approach, we imported the Derwent format patent data into visual analysis software CiteSpace and performed a text clustering in the field of graphene biomedical technology. By using text clustering, patent data can further dig out research hotspots and technology opportunity, which can significantly assist researchers and practitioners for strategic planning. The text clustering analysis can be completed by using the Derwent Manual Codes (MC). We adopted the MC provided by DII platform, which is a hierarchical indexing technology classification system, indicating the novel technical aspects of the invention, and its commercial applications. Currently, there are around 26,000 MC in total. The research hotspots and fronts are easily identified by employing the text clustering analysis of the MC. Citespace is a freely available and visual analysis tool that can figure out, detect, and visualize research hotspots and fronts, TC trends in the target technical area. It can improve the interpretability as well as clarity of visualization, and can be used for network analysis, co-occurrence analysis, clustering analysis, co-citation pattern analysis and so on [62, 63] .
In terms of text clustering analysis of the MC, each node shows a single MC, the size of the MC shows the occurrence frequency of the node, and a link connecting different nodes is used to illustrating a patent has more than one MC. Regarding frequency, it is regarded as an indicator that reflects hotspots of the given technological field. The node with highest frequency likely has a greater ability to capture information and impacts on the research hotspots of graphene biomedical technology. Based on frequency, the top five MCs from high to low rank are D05-H09 (Testing and detection (Except Bacteria, Fungi, Viruses)), B12-K04 (Diagnosis and testing), B11-C12 (Nanotechnology (General)), B11-C08B (Testing/detection by potentiometry, polarography), and A12-V01 (Medicines, pharmaceuticals), which illustrates that the research hotspots' emphasize practical applications in testing as well as basic and fundamental study, for example, the excellent properties of graphene biomedical technology.
The technological field represented by the MC with high frequency represents the hotspots of the technology, while the MC with high centrality indicates the importance and influence power of specific domain of technology and represents the technology opportunity in this field. To explore the hotspots and fronts in graphene biomedical technology, we consider both frequency and centrality as indicators. Table 2 depicts the top twenty patent hotspots and fronts and their potential application in the field of graphene biomedical technology. [106] In terms of high centrality and high frequency, B12-K04 (Diagnosis and testing) is the most important technological field with a centrality of 0.20 and a frequency of 456, which outstrips other technological fields listed in the table. Graphene, a two-dimensional atomic crystal made up of carbon atoms, possesses superior properties to enable diagnosis and testing, especially applications in respiratory diseases, cancer diagnostics, etc. [64] . These extraordinary properties include the thinnest material, a high quantum capacitance, high carrier-phonon, and large interfacial area [65] . B12-K04 (diagnosis and testing) belongs to the section of diagnostics, respiratory active type. Currently, the methods for diagnosing and monitoring respiratory diseases are limited in characterizing the nature and degree of airway inflammation, and require costly, bulky equipment that patients cannot easily keep with them. There's an urgent need for improved, minimally invasive methods for the diagnosis and monitoring of respiratory diseases. For example, the scientists in Rutgers University-New Brunswick have created a graphene-based sensor that could lead to the earlier detection of looming asthma attacks and improve the diagnosis of asthma and other respiratory diseases, preventing hospitalizations and deaths [66] . It is followed by E05-U05C (Nanofilm), A12-V01 (Medicines, pharmaceuticals), B05-C06 (Elemental C or S), and D05-H09 (Testing and detection (Except Bacteria, Fungi, Viruses)). As for E05-U05C (Nanofilm), graphene films have superior properties, such as conductivity, sensitivity, mobility, and transparency, and have various potential biomedical applications in the fields of disease diagnosis, water desalination, and electronics. Currently, graphene film has emerged as a promising candidate for good development prospects, for instance, bone regeneration, glucose detection, artificial kidneys and dialysis, and so on. To be more specific, Lu et al. developed a self-supporting graphene hydrogel (SGH) film, which has extraordinary properties, such as good biocompatibility, osteoinductivity, appropriate mechanical strength and potential degradability. It can be well applied to direct monitoring in vivo, for instance, bone regeneration [67] . In addition, the graphene-glucose oxidase was consisted of a nano-biocomposite thin film, which used for glucose sensing and was readily applicable to the fabrication of other biosensors based on oxidases [68] . Moreover, Graphene Oxide films with more than 2-nm spacing may be produced for possible application in artificial kidneys and dialysis that require precise separation of large biomolecules and small waste molecules [69] . Due to unique properties such as super conductivity, chemical and mechanical stability, large surface area, and good biocompatibility, the impact of graphene-related materials on the technological field A12-V01 (Medicines, pharmaceuticals) are emphasized, with particular emphasis on drug delivery, tissue engineering, and regenerative medicine [72, 73] . The latest advances in drug delivery applications include the delivery of different therapeutics such as anti-cancer drugs, DNA, genes, the concepts for targeting delivery, controlled and stimulated drug release (pH, temperature, photo and magnetic) and the design of graphene nanohybrids for combined therapy and imaging [74] . In addition, graphene can interact with other biomolecules such as DNA, enzymes, proteins, or peptides for tissue engineering and regenerative medicine. The outstanding mechanical strength, stiffness and electrical conductivity make graphene-based materials a good candidate for cardiac, neural, bone, cartilage, skeletal muscle, and skin/adipose tissue engineering [75] . Regarding B05-C06 (Elemental C or S), graphene can be generally considered as the mother of two-dimensional (2-D) materials. It's the only one of the conjugated carbon allotropes in which carbon is rigorously sp2 hybridized [82] . Recently, graphene and its chemical derivatives have been widely used in multifunctional biomedical applications, including bio-imaging, tissue engineering, drug delivery, etc. [83, 84] . Due to the excellent optical properties of graphene, Sreejith et al. developed a fluorescent hybrid by using graphene oxide (GO) -sheet -coated mesoporous silica nanoparticles. This hybrid possesses remarkable biocompatibility and stability, which serves as a platform for bio-imaging applications, including specific in vitro and in vivo cellular imaging [85] . In addition, while the outstanding mechanical strength, and electrical conductivity are suitable for bone and neural tissue engineering, graphene's large surface area and availability of free π electrons make graphene-based materials a good candidate for gene and drug delivery platform [86, 87] . The D05-H09 (Testing and detection (Except Bacteria, Fungi, Viruses) can be a promising potential in biomedical application, including proteins, ATP, glucose, and so on [33, 89] . Based on terminal protection of small-molecule-linked DNA by target proteins and the graphene oxide (GO)-assisted DNA assay strategy, He et al. proposed a novel fluorescence method for the testing and detection of target proteins [90] . Wang et al. designed an aptamer-carboxyfluoresce in (FAM)/graphene oxide nanosheet (GO-nS) nanocomplex to investigate its ability for molecular probing in living cells [91] . The good selectivity and sensitivity of the aptamer/GO-nS nanocomplex predicted its potential use for intracellular ATP monitoring, testing, and detecting in living cells [91] . This indicates that the research represented by technological fields with high centrality as well as high frequency has a greater impact on the research area of graphene biomedical technology. Consequently, this research represents the comparative competitive advantage and core roles of patent hotspots and fronts in this field.
L03-A02B (nonmetal conductors-carbon and graphite), B14-S18 (drug combination), B05-B02C (Silicon (SI), Selenium (SE), Tellurium (TE), Boron (B) Inorganic, Inert gases), and B05-U03 (Carbon only nanotubes) have relatively high centrality and low frequency, which indicate that they are closely linked with other technological fields and have good development prospects. The first patent front is L03-A02B (nonmetal conductors-carbon and graphite). Graphene, as a non-metal nanomaterial, is carefully considered for use in biomedical applications: material characteristics; interactions with biological components (tissues, cells, and proteins); and biological activity outcomes [33] . In addition, it also regarded as a potential candidate for integrated circuits in biomedical fields. Xiao et al. presented a CMOS-compatible design of graphene-on-silicon hybrid plasmonic-photonic integrated circuits and provided an effective way to excite and implement GSP on a chip [70] . This offered the potential for multichannel and broadband biosensors [70] . San et al. reported the charge transport behavior of protein-shelled inorganic nanoparticles combined with graphene and demonstrated their possible application as flexible and biocompatible bionanoelectronic devices that can be integrated into bioelectric circuits for biomedical purposes [71] . Recently, regarding B14-S18 (drug combination), the development of medicines for complex diseases requires the development of drug combination therapies. Graphene was exploited as a promising carrier of photosensitizers and chemotherapeutics for the drug combination therapy [76] . For example, nano-graphene oxide (nGO) is a carbon allotrope studied for its potential as carrier for chemotherapeutic delivery, and it helps drug combination (doxorubicin and rapamycin) present synergistic anticancer effects in MDA-MB-231, MCF-7, and BT474 cells [77] . Researchers at the University of California San Diego constructed a nanoparticle-based RNAi delivery platform that protects siRNA payloads against nuclease-induced degradation and efficiently delivers them to target cells [78] . The nanocarrier is based on biodegradable mesoporous silicon nanoparticles (pSiNPs), where the voids of the nanoparticles are loaded with siRNA and the nanoparticles are encapsulated with graphene oxide nanosheets (GO-pSiNPs) [78] . As for B05-B02C (Silicon (SI), Selenium (SE), Tellurium (TE), Boron (B) Inorganic, Inert gases), based on selenium doped graphene quantum dots (Se-GQDs), Yang et al. designed a new reversible fluorescent switch for the detection of oxidative hydroxyl radical (•OH) and reductive glutathione (GSH) [79] . This fluorescent switch provided a new detection approach for redox events involved in cellular redox regulation [79] . In addition, Xiao et al. reported the poly (amido amine), functionalized graphene oxide (PAMAM-GO) is an excellent adsorbent in selenium removal from waste water or further application in the biomedical field [80] . Li et al. designed a high-affinity platform by using boron and nitrogen co-doped single-layered graphene quantum dots (BN-SGQDs), which helps nucleic acid detection and imaging in living cells [81] . This platform is suitable for biosensing in complicated biological samples [81] . In the technological field of B05-U03 (Carbon only nanotubes), due to the excellent mechanical and electrical properties, the carbon-based nanomaterials provide benefits such as improved flexibility and stretchability for conformal integration with the soft, curvilinear surfaces of human tissues or organs [88] . The various types of flexible and/or stretchable substrates that are integrated with carbon nanotubes (CNTs) and graphene enable the construction of high-quality active electrode arrays and sensors [88] .
Other research hotspots and fronts include, graphene-based natural protein products and polymers (e.g., B04-C03 (Polymers (General)), B04-N04 (Protein/polypeptide of undefined origin (No sequence)), B04-N02 (Animal protein/polypeptide (No sequence)), B04-E01 (Nucleic acid general and other), and B11-C08B (Testing/detection by potentiometry, polarography), A08-S02 (Solvents, swelling agents), and A12-W11L (Immobilised) Enzymes or microorganisms, microbiology (Polymer use))) [92] [93] [94] [95] [96] [97] 99, 100, [103] [104] [105] , electronic devices for biomedical applications (e.g., S03-E03C1 (Biosensors) and A12-E13 (Instrumentation; measuring; testing-electrical engineering)) [98, 102] , and nano-materials technology (e.g., A12-W14 (Nanotechnology) and B11-C12 (Nanotechnology (General))) [101, 106] .
Patent Roadmap
Country Level Patent Roadmap
In order to investigate the distribution of patent application in different countries, especially the distribution of high value patents, it is necessary to build a country level patent roadmap and identify the key country holding high value patents in different technological fields. A citation is a document cited by an applicant, third party or a patent office examiner as well as a reference to a previous work. Forward citations are more likely to be a basic patent in specific technological fields and considered as a commonly used indicator of patent value [51] . Therefore, we define patents which have higher number of forward citations as high value patents based on Price's Law [107] . We define Nmax as the maximum value of the number of forward citation and M as the starting point of high value patents that can provide total number of patents. Thus, M-Nmax is high value patents [108] . 066 After rounding, the number of forward citations that greater than or equal to 8 times is regarded as high value patents. By integrating high value patents in different countries with patent hotspots and fronts, the country level patent roadmap can be seen in Figure 4 .
The process of patent roadmap is displayed as the following stages. First, we decide the horizontal axis and vertical axis. Specifically, the horizontal axis represents the time-line. We separate the period from 2007 to 2018 into five three-year periods because the patent application among the high value patents begins at the period from 2007 to 2009; and the vertical axis indicates the specific technological field, representing MC (a unique patent classification code indicating the novel technical aspects of the invention, and its commercial applications) which enabled stakeholders to investigate the evolution trend of a target technical area. Second, nodes indicate countries holding high value patents. Third, we employ arrows to link nodes that belong to the same country. Fourth, nodes are marked. We used different colors to display different countries holding high value patents. The red color represents patentees from China, purple from the U.S., green from Korea, blue from the U.K, orange from Germany, pink from France, black from Japan, and yellow from Singapore. Figure 4 shows the distribution of high value patents in different countries. First, regarding the time stage, patent activities come from the U.S.'s and Germany's assignees in the initial stage (2007-2009) of the technology development; High value patents mainly come from the period of 2010-2012 and 2013-2015. Compared to assignees from European countries, Korea, and Japan, assignees from the U.S. and China have obvious advantages in holding the number of high value patents; although the number of high value patents from 2016 to 2018 is few, it will increase over time. Second, in terms of assignees, Harvard University and University of California from the U.S., Chinese Academy of Sciences and Zhejiang University, and from China, Swansea University from the U.K, University of Freiburg from Germany, Nanosense Inc from France, Kyung Hee University from Korea, and Hitachi, Ltd. From Japan are major assignees holding high value patents in graphene biomedical technology. Third, regarding the technological field, the top three technological field with the largest amount of high value patents are D05-H09 (Testing and detection (Except Bacteria, Fungi, Viruses), B11-C12 (Nanotechnology (General)), and B04-E01 (Nucleic acid general and other), holding 31, 25, and 24 high value patents respectively. The top five technological fields that lacking of high value patent distribution are L03-A02B (nonmetal conductors-carbon and graphite), L03-E03C1 (Biosensors), A08-S02 (Solvents, swelling agents), E05-U05C (Nanofilm), and B05-B02C (Silicon (SI), Selenium (SE), 
Assignee Level Patent Roadmap
In this paper, based on the above patent analysis of TC, we attempt to build an assignee level patent map by integrating competitive position of top assignees with patent hotspots and fronts. This patent roadmap aims to illustrate the patent distribution and evolution trend of the leading assignees and to identify the potential technology opportunity in this field (See Figure 5) . 
In this paper, based on the above patent analysis of TC, we attempt to build an assignee level patent map by integrating competitive position of top assignees with patent hotspots and fronts. This patent roadmap aims to illustrate the patent distribution and evolution trend of the leading assignees and to identify the potential technology opportunity in this field (see Figure 5 ). The process of patent roadmap mainly includes four stages. First, we decide the horizontal axis and vertical axis. Specifically, the horizontal axis represents the time-line. We separate the period from 2007 to 2018 into five three-year periods, because the patent application among the top 20 assignees begins at the period from 2007 to 2009; and the vertical axis indicates the specific technological field, representing by MC (a unique patent classification code indicating the novel technical aspects of the invention, and its commercial applications) which enabled stakeholders to investigate the evolution trend of a target technical area. Second, nodes are determined. Based on the competitive position of top assignees in Figure 3 , we selected the top 20 leading patentees with higher competitive advantages in the patent roadmap. Third, we employ arrows to link nodes that belong to the same assignee, displaying the patent distribution of top 20 leading assignees. Fourth, Nodes are marked. We used different colors to show assignees from different countries. The red color represents patentees from China, purple from the U.S., and green from Korea.
As shown in Figure 5 , we demonstrate the characteristics of the dynamic development of TC in graphene biomedical technology. Firstly, among the top 20 assignees, their patent applications in patent hotspots and fronts begin at the period from 2007 to 2009. Figure 5 illustrates the following technological fields that entering the graphene biomedical market earlier, such as B12-K04 (Diagnosis and testing), B05-B02C (Silicon (SI), Selenium (SE), Tellurium (TE), Boron (B) Inorganic, Inert gases), D05-H09 (Testing and detection (Except Bacteria, Fungi, Viruses)), B04-N04 (Protein/polypeptide of undefined origin (No sequence)), B11-C08B (Testing/detection by potentiometry, polarography), and B04-E01 (Nucleic acid general and other). Some technological fields can be found the patent application after the year of 2013 (e.g., B14-S18 (Drug combination)) and 2016 (e.g., A08-S02 (Solvents, swelling agents)) with the first data record separately, indicating their preliminary development stage. As for patentees, Harvard University is a powerful leader with first mover advantages in various technological fields, such as B12-K04 (Diagnosis and testing), B05-B02C (Silicon (SI), Selenium (SE), Tellurium (TE), Boron (B) Inorganic, Inert gases), B05-C06 (Elemental C or S), etc. In terms of comprehensive technology distribution, the top three assignees are Chinese Academy of Sciences, University of California, and Seoul National University, with patent filing in 18, 16, and 15 patent hotspots and fronts separately. However, although Lockheed Martin Corporation and Konkuk University owned relatively large amounts of patents, they have a lack of technology layout in patent hotspots and fronts.
Secondly, we focus on mining technology opportunities in patent hotspots and fronts. Regarding the five most important patent hotspots and fronts in the graphene biomedical technology, it can be seen that assignees from Korea (e.g., Korea Institute of Science and Technology) and the U.S. (e.g., Harvard University) are powerful leaders in B12-K04 (diagnosis and testing), while except for Chinese Academy of Sciences, most of the Chinese assignees lack patent application in this most important hotspots and fronts in the graphene biomedical technology. As shown in Figure 5 , most of the top 20 assignees attach great importance to A12-V01 (Medicines, pharmaceuticals), D05-H09 (Testing and detection (Except Bacteria, Fungi, Viruses), and B05-C06 (Elemental C or S), suggesting their comparative competitive advantages in these important technological fields. We find that E05-U05C (Nanofilm) is a technology opportunity in the patent roadmap. Among the top 20 assignees, only eight of them focus on this field, and the number of patents is very few. The entering time of assignees from China, the U.S., and Korea are very close, and currently Korean assignees hold more patents. Turning our attention to the following four potential research fronts, there are blank spaces in L03-A02B (Nonmetal conductors-carbon and graphite), and B05-B02C (Silicon (SI), Selenium (SE), Tellurium (TE), Boron (B) Inorganic, Inert gases). For example, regarding L03-A02B, only four assignees, three of them from Korea, focus on this field and file a relatively small quantity of patents. It is interesting to find that although Chinese assignees own the largest amount of graphene biomedical patents, none of them have patent application in L03-A02B. The patent layout of the top assignees is relatively comprehensive in B14-S18 (Drug combination), and B05-U03 (Carbon only nanotubes). Chinese assignees entered in earlier and dominated in these two fields, especially Guangxi Chinese Medicine College filing patents actively in the last three years. In terms of other patent hotspots and fronts of graphene biomedical technology, the technology layout of A12-W14 (Nanotechnology), B11-C12 (Nanotechnology (General)), B04-E01 (Nucleic acid general and other), and A12-W11L ((Immobilised) Enzymes or microorganisms, microbiology (Polymer use)) are relatively comprehensive. In addition, we can find patent layout opportunities in A08-S02 (Solvents, swelling agents), and S03-E03C1 (Biosensors) severely lacking the technology distribution of the leading assignees, especially those from enterprises.
Conclusions
This study presents a systematic review that analyzes the TC of graphene related patents in the biomedical field, and this comprehensive framework integrates patent analysis and patent roadmap. Based on patent analysis, we employ annual trend of patent activities, competitive position of top assignees, and patent hotspots and fronts to assess the TC of graphene biomedical technology. In addition, we build two new kind of patent roadmaps from the perspectives of country and assignee separately. Graphene biomedical technology provides a useful case study through which the proposed patent analysis and patent roadmap approaches have been shown to be valid and robust. The initial effort has contributed to the target technology marketplace by identifying TC from patent information, not only enabling stakeholders to understand technological development trend under a dynamic perspective, but also encouraging them to make right decisions in future direction and patent strategic planning.
Some interesting findings are as follows. First, there has been a rapid growth in the global patent application of graphene biomedical technology since 2012. Regarding the number of patents, China, the U.S., and Korea are the top three countries. Compared to the country (e.g., the U.S., Japan, and Korea) entering the market earlier, China, with a steadily growth in the number of patents, becomes a technology catcher and takes the lion's share in global market. Although the U.K, Germany and France play the key roles in patenting activities in European country/region, they still far behind assignees from Asian and the U.S. Second, this research investigated the top assignees with higher competition position in the patenting activity of graphene biomedical technology. Harvard University, Chinese Academy of Sciences, and Lockheed Martin Corporation have relatively higher technological innovation capability in technology strength, while Samsung Electronics Co., Ltd. has an obvious competitive advantage in company resources. Currently no assignee obtains a competitive advantage in both technology strength as well as company resources. In addition, it should be recognized that most of the leading assignees are from universities and research institutes. In terms of high-strength patents, Lockheed Martin Corporation outstrips other assignees, followed successively by Harvard University, Samsung Electronics Co., Ltd., University of California, and Suzhou Institute of Nano-Tech and Nano-Bionics CAS, which illustrate their relatively stronger technological innovation capability in TC. Third, regarding patent hotspots and fronts in graphene biomedical technology, B12-K04 (Diagnosis and testing) is the most important technological field, followed by E05-U05C (Nanofilm), A12-V01 (Medicines, pharmaceuticals), B05-C06 (Elemental C or S), and D05-H09 (Testing and detection (Except Bacteria, Fungi, Viruses)). Lastly, based on country level patent roadmap and assignee level patent roadmap, we identify the potential technology opportunity, which indicating the fewer number of high value patents as well as fewer top assignees with high competition position in the above patent roadmaps. It is clear that E05-U05C (Nanofilm) with higher centrality as well as frequency is the most important patent hotspots and fronts in this field. According to country level patent roadmap, only the U.S. and China hold four high value patents in this field. In the assignee level patent roadmap, only seven assignees with high competition position are distributed their patents in this field. Therefore, E05-U05C (Nanofilm) will be the most important technology opportunity in graphene biomedical technology. One reason for this could be due to gradually mature of large-scale production of graphene film. The other reason is the demand of graphene film in biomedical fields, such as disease diagnosis, bone regeneration, glucose detection, artificial kidneys and dialysis. Other blank spaces include L03-A02B (Nonmetal conductors-carbon and graphite), B05-B02C (Silicon (SI), Selenium (SE), Tellurium (TE), Boron (B) Inorganic, Inert gases), A08-S02 (Solvents, swelling agents), and S03-E03C1 (Biosensors).
The above findings are useful for policy implications on patent distribution of graphene biomedical technology. First, they strengthen industry-university research collaboration and cultivate the industrialization ability of patents in universities. Considering that most of the leading assignees are from universities and research institutes, it's necessary to strengthen the construction of a technology transfer and industry-university-research (IUR) platform. Specifically, universities and research institutes should establish technology transfer offices (TTOs), which aim to establish collaborations and working relationships between industry and university and license the inventions of university's faculty and researchers to industry. Second, pay close attention to research hotspots and fronts as well as market demand. The findings indicated that diagnosis and testing, nanofilm, medicines and pharmaceuticals, elemental C or S, and testing and detection (Except bacteria, fungi, viruses) were the hotspots in graphene biomedical fields recently. In addition, stakeholders should focus on market demand, namely biomedical application in the above technological fields (see Table 2 ). Third, speed up the pace of patent distribution in blank spaces and occupy a dominant position in graphene biomedical technology. It is of great importance for stakeholders to seize technology opportunity and formulate patent strategic planning in the following technological fields: Nanofilm, Nonmetal conductors-carbon and graphite, Silicon (SI), Selenium (SE), Tellurium (TE), Boron (B) Inorganic, Inert gases, Solvents and swelling agents, and Biosensors. Once an assignee has a better patent distribution in technological hotspots and fronts, especially those blank spaces, this assignee will have a higher competitive advantage in technical strength and become dominate in this field.
This study makes an important contribution towards identifying TC and mining technology opportunities by integrating patent analysis and a patent roadmap that has not appeared in existing methodologies of patent review. Compared to previous research, this study makes three important contributions. First, this study provides a new and systematic framework for the dynamic analysis of TC in the given technological field. Our study also extends the research perspectives of TC, namely industry, assignee, and technology, employs patent roadmap to dig out technology opportunity, and then enables stakeholders to understand TC under a dynamic perspective. Second, this study applies a combination of methods to identify TC, namely patent analysis and patent roadmap. Third, it first introduces indicators (e.g., high value patent and competition position of top assignees) to the previous patent roadmap and provides a new methodology for patent roadmap from country level and assignee level. These new patent roadmaps focus on the quality of a patent rather than those studies which only assessed the number of patents. Moreover, the proposed country level patent roadmap and assignee level patent road map can be applied not only to graphene biomedical technology, but to various other areas of emerging technology.
Despite its contribution and several interesting findings, there are still some limitations. First, with the growing attention paid to the development of graphene biomedical technology by both researchers and practitioners, it is obviously that as the number of patents increased rapidly, TC in this field will experience dynamic changes accordingly. In future research, we plan to investigate deeper insights into the dynamic development of TC through patent analysis and patent roadmap. Second, the research methodology in this paper for identifying TC could be further improved. Future studies could pay close attention to the improvement of approaches. Integrating patent data with the PRISMA (preferred reporting items of systematic reviews and meta-analyses) methodology is an interesting future research direction. PRISMA attaches importance to the reporting of reviews evaluating randomized trials as well as reporting systematic reviews of other types of research. In future research, we could adopt the research process of PRISMA, and conduct interviews to obtain valuable data, and integrate patent data with PRISMA methodology. It is suggested that social network analysis (SNA) and data envelopment analysis (DEA) would be effective to achieve the main objective of this study. Specifically, SNA attempts to identify assignees located in the central position in the network, while DEA has been proven to be an efficient approach to evaluating technological innovation efficiency of assignees. Third, the reasons why some technological fields become technology opportunities and others suffer from decline would also be interesting to researchers, practitioners, and policy makers. In future studies, we could carry out a questionnaire survey in leading institutions and interview experts to acquire more practical answers as a supplement. The above limitations can be carefully considered as potential research directions in further research.
